Hypoxia-inducible factor (HIF) is the key transcriptional effector of the hypoxia response in eukaryotes, coordinating the expression of genes involved in oxygen transport, glycolysis, and angiogenesis to promote adaptation to low oxygen levels. HIF is a basic helixloop-helix (bHLH)-PAS (PER-ARNT-SIM) heterodimer composed of an oxygen-labile HIF-α subunit and a constitutively expressed aryl hydrocarbon receptor nuclear translocator (ARNT) subunit, which dimerize via basic helix-loop-helix and PAS domains, and recruit coactivators via HIF-α C-terminal transactivation domains. Here we demonstrate that the ARNT PAS-B domain provides an additional recruitment site by binding the coactivator transforming acidic coiled-coil 3 (TACC3) in a step necessary for transcriptional responses to hypoxia. Structural insights from NMR spectroscopy illustrate how this PAS domain simultaneously mediates interactions with HIF-α and TACC3. Finally, mutations on ARNT PAS-B modulate coactivator selectivity and target gene induction by HIF in vivo, demonstrating a bifunctional role for transcriptional regulation by PAS domains within bHLH-PAS transcription factors.
A ryl hydrocarbon receptor nuclear translocator (ARNT) is the obligate heterodimeric partner for the basic helix-loop-helix (bHLH)-PAS (PER-ARNT-SIM) proteins aryl hydrocarbon receptor (AhR) and hypoxia-inducible factor-α (HIF-α), which serve as environmental sensors for xenobiotics and hypoxia, respectively (1) . bHLH-PAS heterodimers are dependent on intersubunit contacts between the basic bHLH and tandem PAS domains (2) (3) (4) . The second of two PAS domains, PAS-B, plays a critical role in maintaining the stability of this complex, given that mutations in HIF-2α PAS-B disrupt HIF-α/ARNT interactions and decrease transactivation in vivo (3, 4) . Therefore, our current model of bHLH-PAS heterodimer architecture is based on nucleation of the core transcription factor complex by bHLH and PAS domains, leaving C-terminal transactivation domains (TADs) to recruit coactivator proteins that are required for gene regulation (Fig. 1A) .
Further study of HIF TADs reveals that not all are essential for HIF function. In particular, deletion of the putative ARNT C-terminal TAD has a minimal effect on transactivation of endogenous targets (5-7), whereas deletion of the two HIF-α TADs (N-TAD and C-TAD) eliminates hypoxia-induced transactivation (8) . Consequently, study of HIF transcriptional regulation has focused on the HIF-α TADs, identifying the C-TAD as the primary site of recruitment for p300/CBP (9) and the N-TAD as a determining factor in the distinctive profiles of target gene induction by HIF-1α and HIF-2α (10) . Selectivity is mediated in part by the recruitment of different coactivators by the N-TADs of the two HIF-α isoforms, building on an emerging theme that transcriptional coregulators and promoter context influence the specificity of gene induction by transcription factors (11, 12) . Domain-swapping studies have shown that PAS domains also contribute to the selectivity of target gene induction within the bHLH-PAS family (13) , suggesting that other mechanisms for regulating transcriptional activity exist aside from the C-terminal TADs. Within HIF, ARNT PAS-B interacts with coactivators (TRIP230 and CoCoA) that are required for transcriptional responses to hypoxia and xenobiotics (14) (15) (16) . These data strongly suggest that ARNT plays a more active role in HIF transactivation than simply providing a platform for HIF-α heterodimerization.
TRIP230 and CoCoA are joined by a third coactivator, transforming acidic coiled-coil 3 (TACC3), that has also been implicated as a coactivator for HIF via specific interactions with ARNT and ARNT2 but not HIF-1α (17) . TACC3 is an Epoinducible member of the TACC family (18) , all of which share an approximately 200 residue dimeric C-terminal coiled-coil domain that interacts with numerous transcription factors and chromatin-modifying proteins (Fig. 1A) (19) . Here we identify the molecular basis for TACC3 regulation of HIF transactivation, mediated by a direct interaction with ARNT PAS-B that utilizes an interface shared with TRIP230 and CoCoA. Using solution NMR mapping and mutagenesis studies to create a model of the heterotrimeric complex, we demonstrate how the modular ARNT PAS-B domain simultaneously engages its heterodimeric HIF-α partner and TACC3. Notably, ARNT PAS-B point mutations alter selectivity for coactivators and lead to changes in the profile of endogenous target gene induction. Following up on a previous report that TACC3 interacts with ARNT in vitro (17), we immunoprecipitated endogenous ARNT from human embryonic kidney 293T (293T) cells under normoxic conditions in the absence and presence of the hypoxia-mimetic CoCl 2 , which stabilizes HIF-1α protein by inhibiting oxygendependent hydroxylases that normally induce degradation (20) . We detected a hypoxia-independent interaction of TACC3 with ARNT, demonstrating that HIF-1α binding is not required (Fig. 1B) . We also noted a modest increase in TACC3 protein upon stabilization of endogenous HIF-1α by CoCl 2 that was validated at the mRNA level by quantitative PCR (QPRC) (Fig. S1A) , suggesting that HIF may regulate TACC3 expression directly or indirectly. To investigate the role of TACC3 in HIF transactivation, we depleted TACC3 (Fig. 1C and Fig. S1A ) and monitored expression of four endogenous HIF-1 target genes (BNIP3, DEC2, GLUT1, and PGK1) by QPCR (Fig. 1D) . Depletion of TACC3 significantly decreased expression of all four genes, demonstrating that TACC3 is a HIF-1 coactivator in vivo. TACC3 depletion also significantly decreased the activation of a VEGF hypoxia response element luciferase reporter construct (VEGF HRE∶luc) (21) by HA-P1P2N HIF-1α or HIF-2α proteins, constitutively active forms of HIF-α that are no longer subject to oxygen-dependent hydroxylation (Fig. S1B) (22) . These data show that TACC3 can act as a coactivator for both HIF-1 and HIF-2 complexes, consistent with recruitment of TACC3 by the ARNT subunit in both complexes. Importantly, we confirmed previous reports that transactivation by HIF-2 absolutely requires the HIF-2α TADs (Fig. S1C) (10) , suggesting that coactivators recruited by both HIF-α and ARNT are both necessary for complete HIF transactivation.
Interaction Sites on Both ARNT PAS-B and TACC3 Are Shared with Other Transcriptional Coregulators. While it is known that ARNT and TACC3 interact, this was established with a relatively large fragment of ARNT (approximately 450 residues) encompassing both of its PAS domains (17) . To determine if one of the PAS domains specifically mediates the interaction, we performed pulldown assays with purified, isolated His 6 -tagged ARNT PAS-A and PAS-B constructs and a GST-tagged 324 residue TACC3 fragment representing the ARNT-interacting fragment isolated from the yeast two-hybrid screen. As with the other coiled-coil coactivators TRIP230 and CoCoA, the ARNT PAS-B domain was sufficient to interact directly with TACC3, whereas the PAS-A domain showed negligible coactivator binding ( Fig. 2A ) (16) . Therefore, ARNT PAS-B provides a common site for recruiting diverse coiled-coil transcriptional coactivators to the HIF heterodimer, in addition to its critical role in maintaining this complex via interaction with HIF-α PAS-B domains.
To identify where ARNT binds TACC3, we made a series of truncations of the C-terminal TACC domain based on secondary structure and coiled-coil predictions (Fig. 2B ). We were particularly interested in the role of the C-terminal 20 residues (CT20) in the ARNT/TACC3 interaction, because these residues are critical for TACC3 binding to the transcriptional coregulator FOG-1 (friend of GATA-1) (23) . Using pulldown assays with His 6 -tagged ARNT PAS-B, we determined that a C-terminal fragment of the GST-TACC domain (residues 561-631) was sufficient to interact with ARNT PAS-B (Fig. 2C ). As observed with FOG-1, this binding was dependent on the CT20. To further test the nature of this interface, we made point mutations on the exposed face of the coiled-coil dimer within the CT20 (Fig. 2D ) that were also shown to disrupt the interaction with FOG-1 (23). All three mutants reduced ARNT binding (Fig. 2E) , but most effectively with the R619A mutant. This mutation specifically disrupts the ARNT/TACC3 interaction without global effects on TACC3 structure (Fig. S2A ). These data demonstrate that TACC3 utilizes a common site within its CT20 region to interact with ARNT PAS-B and at least one other transcriptional regulator.
We then asked whether the isolated TACC domain was capable of stimulating HIF-1 transactivation. The TACC domain stimulated a twofold to fourfold increase in HIF-1-dependent expression of BNIP3, DEC2, and PGK (Fig. 2F) or the VEGF HRE∶luc reporter (Fig. S2B ) that was dependent on the presence of the CT20. Interestingly, the TACC domain had the opposite effect on transcription of the GLUT1 gene, eliminating the HIF-1-dependent up-regulation of mRNA levels. Given that knockdown of TACC3 decreased GLUT1 transcription (Fig. 1C) , suggesting that it positively regulates the GLUT1 gene, these data imply that modest overexpression of the isolated TACC domain competes with another important coactivator that is specifically required for GLUT1 expression, analogous to squelching (24, 25) .
Biochemical Basis of Selectivity for TACC Family Binding by ARNT PAS-B. The TACC domain is the identifying feature of the TACC family, with a high degree of homology between TACC3 and other members such as TACC1, TACC2, and even Drosophila TACC (Fig. S3 ). Based on this conservation, particularly within CT20 (Fig. 3A) , we reasoned that all three mammalian TACC family members might interact with ARNT PAS-B. Using analogous fragments containing the last 70 residues of GST-TACC1, GST-TACC2, and GST-TACC3, we assayed for ARNT PAS-B binding by pulldown assay and found that only GST-TACC3 bound (Fig. 3B) . A closer investigation of the TACC CT20 alignment showed modest differences between the three isoforms within the C-terminal 6 residues (CT6). Truncation of the CT6 residues abrogated TACC3 binding in vitro (Fig. 3C) , so we investigated whether swapping the C termini of TACC1 and TACC3 would be sufficient to confer selectivity for ARNT. Swapping the TACC1 C terminus (T1-CT) for that of TACC3 still permitted binding of the chimeric GST-TACC3 protein to ARNT PAS-B and conversely, the TACC3 CT (T3-CT) was not sufficient to confer binding to the GST-TACC1 chimera (Fig. 3C ). These data demonstrate that although residues within the TACC3 CT6 are critical for binding, the specific determinant(s) of ARNT binding by TACC3 are further upstream in the CT20 region.
Within the sequence upstream of the CT6 region, there is nearly 90% identity between the mammalian TACC family (Fig. 3A) . The Q711K/K718R GST-TACC1 double mutant, designed to mimic residues conserved in mammalian TACC3 genes, was insufficient to restore binding in the pulldown assay; however, addition of E722D to this double mutant facilitated interaction of GST-TACC1 (Q711K/K718R/E722D) with ARNT PAS-B (Fig. 3D) . The E772D mutation alone was sufficient to alter TACC selectivity and allow binding of GST-TACC1 (E722D) to ARNT PAS-B. We tested whether this held true for GST-TACC2 by making the analogous mutation (E2940D) and demonstrated that it was also sufficient to restore interaction with ARNT PAS-B; conversely, the opposing D623E mutation in GST-TACC3 disrupted the interaction (Fig. 3D ). These data show that the basis of TACC family selectivity for direct binding to the ARNT PAS-B domain is based upon a highly conserved switch from glutamate (TACC1, 2) to aspartate (TACC3).
Structural Model of the HIF-2α/ARNT/TACC3 Complex. Having defined the biochemical basis for the TACC3/ARNT interaction, we used solution NMR experiments to determine where TACC3 binds on the surface of ARNT PAS-B. In these experiments, we titrated a shorter C-terminal coiled-coil fragment of TACC3 (Fig. S4 A  and B) into uniformly 15 N-labeled ARNT PAS-B, using 2D 15 N∕ 1 H HSQC spectra to monitor binding. Select cross-peaks within these 15 N∕ 1 H HSQC spectra exhibited significant TACC3-dependent broadening, or loss of signal intensity, consistent with formation of the complex with intermediate exchange kinetics (Fig. 4A and Fig. S4C ). Significantly perturbed residues were identified by differential broadening analysis (Fig. S4D) and mapped onto the ARNT PAS-B structure, defining an interface on the α-helical surface of the PAS-B domain (Fig. 4B) . Given the similarity of this TACC3-binding interface to the binding sites we previously observed by NMR for the coiled-coil coactivators TRIP230 and CoCoA (16), we asked whether the coactivators could compete for binding ARNT PAS-B in vitro. Consistent with their shared interface on ARNT PAS-B, increasing amounts of GST-TACC3 decreased binding of GST-TRIP230 to ARNT PAS-B, whereas a nonbinding GST-tagged control protein had little effect (Fig. S4E) .
To generate a structural model illustrating how ARNT PAS-B recruits TACC3 to this common binding site while simultaneously binding its HIF-α PAS-B partner, we used an experimentally guided molecular docking approach. Using a high-resolution structure of the ARNT PAS-B/HIF-2α PAS-B heterodimer (26) and a de novo model of the TACC3 C-terminal coiled coil validated by experimental studies (23) (Fig. S4B) , we used a semirigid body docking algorithm implemented within the HADDOCK program (27) . These calculations generated ternary complexes that were scored for their ability to satisfy a combination of experimental data (derived from NMR mapping and biochemical data) and empirical distance restraints, identifying a single low energy complex that satisfied these data much better than all alternatives ( Fig. 4C and Fig. S5A ; coordinates provided in Dataset S1). This ternary complex positions TACC3 onto an interface provided by the Eα and Fα helices of ARNT, together with a portion of the AB loop. This interaction buries approximately 980 Å 2 , consistent with the moderate affinity of the interaction, and relies on chiefly polar interactions between residues on both sides of the complex (Fig. S5B) . By relegating interactions with the HIF-α PAS-B and coactivators to opposing sides of this 14-kDa domain, ARNT PAS-B can play a critical role in both the stability of the core HIF heterodimer and in its transactivation function via coactivator recruitment.
To validate this model, we used paramagnetic relaxation enhancement data from NMR experiments to obtain unique distance and orientational restraints. Point mutations at two sites (M598C and M605C) on TACC3, located approximately 28-40 Å N-terminal to residue D623 on the ARNT-binding surface of TACC3, allowed us to covalently derivatize TACC3 with an S-cysteaminyl-EDTA moiety that facilitated coordination of divalent cations. The effects of derivatized TACC3 on 15 N ARNT PAS-B were monitored by 15 N∕ 1 H HSQC spectra and used to identify residues significantly perturbed by paramagnetic Mn 2þ EDTA-TACC3 relative to the inert Ca 2þ EDTA-TACC3 (Fig. 4 D and  Fig. S5 C and D) . These residues cluster on one end of the ARNT PAS-B domain (Fig. 4E) , consistent with the expected distance from the chelated metals and orientation of TACC3 observed in our HADDOCK model.
Mutations in ARNT PAS-B Perturb Coactivator Binding and HIF
Transactivation. To validate the interfacial residues identified in the HADDOCK model, we made point mutations in the ARNT PAS-B AB loop (E370R), Eα (E398M), and Fα (K417W) helices that were predicted to disrupt the TACC3 interaction (Fig. 5A) . Recombinant mutant proteins were well folded with chemical shift changes localized to the site of mutation (Fig. S6 A-C) , demonstrating selective perturbation of the coactivator binding interface on ARNT PAS-B. We tested each of the His 6 -ARNT PAS-B mutants for binding to GST-TACC3 and GST-TRIP230 by pulldown assay (Fig. 5B) and measured the effect of mutations on complex formation by densitometric analysis of bound complexes ( Fig. 5C and Fig. S6 D and E) . Mutations E370R and E398M, located at the center of the ARNT/TACC3 interface, decreased complex formation with both GST-TACC3 and GST-TRIP230 (Fig. 5 B and C) . The Fα helix K417W mutant, located at the edge of the ARNT/TACC3 interface, decreased complex formation with GST-TACC3 2.7-fold while increasing formation of the GST-TRIP230∕His 6 -ARNT PAS-B (K417W) complex by nearly 3-fold, resulting in an apparent 8-fold change in coactivator selectivity.
To determine whether point mutations that alter coactivator binding in vitro could affect ARNT function in vivo, we quantified activation of HIF-1 target genes in the presence of wild-type or mutant FLAG-ARNT. Expression of the E370R or E398M mutants, which decreased complex formation with both TACC3 and TRIP230 in vitro, led to a significant decrease in the transcription of the four genes that we assayed (Fig. 5D ). In contrast, these genes were differentially affected by the K417W mutant that displayed changes in coactivator selectivity in vitro. Although K417W induced expression of BNIP3, DEC2, and PGK1 or a VEGF HRE∶luc reporter comparable to that of wild-type ARNT ( Fig. 5D and Fig. S6 F and G) , the mutant was not able to drive normal levels of GLUT1 transcription. These results are consistent with our data suggesting a unique role for TACC3 at the GLUT1 promoter (Fig. 2F ), supporting a model where TACC3 recruitment by ARNT PAS-B plays an indispensable role in transcriptional regulation of this gene and possibly others by HIF.
Discussion HIF-1α and HIF-2α protein levels serve as a readout of cellular oxygen tension due to the tight control of their stability by oxygendependent hydroxylation and subsequent proteosomal degradation (28) . Formation of the HIF heterodimer with ARNT is required for cellular adaptation to hypoxia, facilitating anaerobic metabolism, erythropoiesis, and angiogenesis through the up-regulation of over 100 genes (29) . Either because of its constitutive expression or the lack of a potent C-terminal TAD on ARNT, not much attention has been focused on how, or if, it contributes to transactivation of HIF. This study provides insight into the molecular architecture of bHLH-PAS transcription factors and reveals the important role that an ARNT PAS domain plays in the HIF transcription factor complex. By mediating simultaneous interactions with its HIF-α partners and coactivators, ARNT PAS-B plays an essential role in both the architecture and activation of HIF complexes.
Notably, although coactivator recruitment by ARNT PAS-B is important for maximal HIF transactivation, it is insufficient to drive transcription in the absence of HIF-α TADs, suggesting the existence of functional interplay between coactivators recruited by the two HIF subunits. Our study adds another level of complexity to HIF transcriptional regulation by underscoring the importance of the ARNT PAS-B domain to simultaneously bind the HIF-α PAS-B domain and directly recruit coiled-coil coactivator proteins. Future studies will help define the factors that regulate recruitment of specific coactivators to ARNT, as well as clarify the role that these coactivators play in transactivation of other ARNT-containing complexes such as the bHLH-PAS AhR/ ARNT heterodimer, which regulates transcriptional responses to xenobiotics.
Despite significant sequence conservation in the ARNT-binding region of mammalian TACC family proteins, we showed that only TACC3 could interact directly with ARNT (Fig. 3) . We found that the presence of an additional methylene group on the side chain at position 623 in TACC3, changing from an aspartate to glutamate, was responsible for the loss of ARNT binding by TACC1 and TACC2. Our model of the ARNT PAS-B/TACC3 complex indicates that D623 is located in the core of the interface with ARNT (Fig. S5B) , suggesting that D623E mutant may lead to steric clashes between the two proteins. Consistent with this, the D623A mutant was still capable of interacting with ARNT PAS-B (Fig. 2E) . Although a high-resolution structure of the complex is needed to resolve the ARNT PAS-B/TACC3 interface in better detail, our data demonstrate that the C terminus of TACC3 is clearly necessary to tether the rest of the TACC domain to the HIF complex via the ARNT PAS-B domain.
Deletion of TACC3 in mice causes embryonic lethality in mid to late gestation with profound defects in hematopoietic stem cell populations, demonstrating that it has an essential and nonredundant function within the TACC family (30) . One manner in which TACC3 regulates hematopoiesis is through a direct interaction with FOG-1, a transcriptional coregulator of the master erythroid transcription factor GATA-1. TACC3 regulates GATA-1 transcriptional activity by competing for interaction with FOG-1 in a regulatory squelching mechanism that retards terminal erythroid differentiation (31) . We show here that TACC3 utilizes the same protein interface within its C-terminal 20 residues to interact with ARNT PAS-B and FOG-1 (23) (Fig. 2 and Fig. S7) .
Notably, the hematopoietic defects in TACC3-/-embryos are phenotypically similar to HIF-1α, HIF-2α, and ARNT knockout embryos (30, (32) (33) (34) (35) (36) . HIF activation by hypoxic niches within bone marrow is critically important for controlling the fate of hematopoietic stem cells and their progeny, orchestrating a balance of quiescence, self-renewal, differentiation, and apoptosis (37, 38) . Because TACC3-/-embryos exhibit dramatically reduced hematopoietic stem cell colony formation activity (approximately 1-5% of WT) (30), we propose that loss of TACC3 may compromise HIF activity and regulation of hematopoietic stem cell fate. A similar role was also recently reported for TACC3 and ARNT2 in neuronal progenitor cells. Disruption of the TACC3/ARNT2 interaction by a small molecule inhibitor accelerated differentiation within neural progenitor cells (39) , suggesting that the ARNT PAS-B mediated interaction described here may play an important role in mediating cell fate decisions by several types of stem cell populations.
Methods
Pulldown assays. His 6 -tagged ARNT PAS domains were purified as described in SI Methods. Proteins were incubated at 5 μM with GST-tagged coactivators in soluble Escherichia coli extract (15 μM coactivator) and Ni-NTA agarose (Qiagen) in 50 mM Tris pH 7.5, 150 mM NaCl, 20 mM imidazole, and 10 mM β-mercaptoethanol for 4 h at 4°C. Samples were washed twice with 0.5 mL of the same buffer and eluted with 2× SDS buffer. Bound proteins were resolved by SDS-PAGE and Coomassie stained. Densitometric quantification of bound proteins was performed using ImageJ (National Institutes of Health) from three independent experiments with SD shown.
mRNA Quantification. Total RNA was extracted from transfected HEK293T cells using Trizol (Invitrogen) according to the manufacturer's instructions. cDNA was synthesized from 1 ug RNA using the iScript cDNA Synthesis kit (Bio-Rad), and gene expression was analyzed from 1 μg cDNA by quantitative PCR using iTaq SYBR green Supermix with ROX on a CFX96 Real Time System (Bio-Rad). QPCR primer details are available in SI Materials. The results of triplicate experiments are expressed as 2 ð−ΔΔ Ct Þ with SE shown, where the average Ct of the gene of interest after treatment was normalized to the reference 
